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We report 75As nuclear magnetic resonance (NMR) measurements of the ternary iron arsenide
BaFe2As2.
75As-NMR spectra clearly revealed that magnetic transition occurs at around 131 K
in our samples, which corresponds to the emergence of spin density wave. Temperature depen-
dence of the internal magnetic field suggests that the transition is likely of the first order. The
critical-slowing-down phenomenon in the spin-lattice relaxation rate 1/T1 is not pronounced in
this material.
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The discovery of superconductivity in F-doped
LaFeAsO with Tc = 26 K
1) has accelerated the world-
wide investigations of the related superconductors .2–13)
The common feature of these compounds is the posses-
sion of FeAs layer which is analogous to CuO2 plane in
high superconducting transition temperature (high Tc)
cuprates. In addition, non-doped materials commonly
exhibit spin density wave (SDW) or antiferromagnetic
order with adjacent structural phase transition, which
is also resemblance of the parent materials of high Tc
cuprates. At present stage, the suppression of spin den-
sity wave (or antiferromagnetic order of localized mo-
ment) and/or the carrier control of non-doped materials
seem to have a key role of the emergence of this new-
class superconductivity. Recent nuclear magnetic reso-
nance (NMR) studies of some of these superconducting
oxypnictides strongly suggest that the superconductivity
in the materials is unconventional one with nodes in the
superconducting gap.4, 5)
Soon after the intensive investigations of the oxyp-
nictides, oxygen-free iron pnictides BaFe2As2
14) and
SrFe2As2
15) were proposed as a next candidate of the
parent materials of superconductors with high Tc. The
lattice parameter and the magnetic susceptibility of
these materials were already reported about 25-30 years
ago.16, 17) However, the deeper studies of the com-
pounds have just started with consideration as the par-
ent materials of superconductors. The crystal structure
of these pnictides is the ThCr2Si2-type structure which
is familiar in the heavy fermion systems. This struc-
ture possesses the similar FeAs layer to that realized
in LaFeAsO. Moreover, both the materials exhibit the
SDW anomalies at TSDW = 140 K (BaFe2As2)
14, 18)
and TSDW = 205 K (SrFe2As2).
15, 19) It is important
to notice that both the compounds exhibit structural
phase transition from tetragonal one (I4/mmm) to or-
thorhombic one (Fmmm) simultaneously with the SDW
anomaly.14, 15, 18, 19) The orders of these anomalies are re-
ported as a second one for BaFe2As2
14) and a first one for
SrFe2As2.
15, 19) However, quite recent neutron diffraction
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measurements of BaFe2As2 report hysteresis of tetrag-
onal (220) peak between on-cooling sequence and on-
warming sequence, which indicates the structural order
at TSDW is of the first order also in BaFe2As2.
18)
The most striking feature of these compounds is that
the SDW anomaly disappears and the superconductivity
indeed sets in by hole doping, for example, K substitu-
tion for Ba20) or Sr.21) In order to understand the super-
conductivity in these doped oxygen-free iron-based pnic-
tides, it is also important to study the magnetic and the
electronic properties of the parent materials. Especially
the relation between the SDW instability and the su-
perconductivity should be revealed by local-probe mea-
surements in addition to bulk measurements. Hence, we
performed 75As-NMR measurements of BaFe2As2.
75As-
NMR spectra clearly exhibited the magnetic transition at
around 131 K in our samples. Temperature T dependence
of the internal magnetic field suggests that the transition
is likely of the first order. The critical-slowing-down phe-
nomenon in the spin-lattice relaxation rate 1/T1 is not
pronounced in this material.
The polycrystalline BaFe2As2 was synthesized by the
high temperature and high pressure method. The sam-
ples were confirmed as nearly single phase by x-ray
diffraction. The standard four-probe resistivity measure-
ment revealed the rapid decrease of the resistivity be-
low 131 K, which corresponds to the SDW anomaly.22)
The TSDW of our samples is slightly lower than those
reported by Rotter et al.14) and Huang et al.18) The
samples were crushed into powder for the experiments.
The NMR experiments of the 75As nucleus (I = 3/2,
γ = 7.292 MHz/T) have been carried out by using phase-
coherent pulsed NMR spectrometers and a supercon-
ducting magnet. The NMR spectra were measured both
by sweeping the applied fields at a constant resonance
frequency and by sweeping the resonance frequency at
a constant applied field. The origin of the Knight shift
K = 0 of 75As nucleus was determined by the 75As NMR
of GaAs.23) The 1/T1 was measured with the saturation
recovery method.
In Fig. 1, we show the 75As-NMR spectrum of
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Fig. 1. (Color online) 75As-NMR spectrum of BaFe2As2 at
141 K. Inset shows the center line of the enlarged spectrum be-
tween 5.975 and 6 T.
BaFe2As2 at 141 K in paramagnetic state. At this
temperature, the crystal structure of BaFe2As2 is
tetragonal.14, 18) The obtained spectrum is a powder
pattern expected for weak electric quadrupole cou-
pling.24) The nuclear-spin Hamiltonian with external
magnetic field Hext is given by H = −γHextIz +
e2qQ
4hI(2I−1)
(
3I2z′ − I(I + 1)
)
, where h,eq, eQ represent the
Planck constant, the electric field gradient (EFG) and
the nuclear quadrupole moment, respectively. The prin-
cipal axis of the EFG is along the crystal c axis since As
site above TSDW has a local four-fold symmetry around
the c axis.14, 18) Because of the same reason, the H
above TSDW does not contain the asymmetry parameter
η of EFG. Sharp central peak was observed at around
5.98 T. In addition, rather broader satellite peaks were
observed at around 5.83 and 6.13 T, which is due to the
first-order perturbation effect of the electric quadrupole
term against the Zeeman term in H. From the differ-
ence of the resonance fields of the satellite lines, a nu-
clear quadrupole resonance frequency, νQ ≡
3e2qQ
2hI(2I−1) ,
was estimated as 2.2 MHz. This value is about 4-5 times
smaller than the values in iron-based oxypnictide super-
conductors.4, 5, 25, 26) This smaller value might suggest the
low career density in the parent materials. Similar dis-
cussion was done in the nuclear quadrupole resonance of
the oxygen-deficient iron oxypnictides26) and the high Tc
cuprates.27)
In the inset of Fig. 1, we show the center line of the en-
larged spectrum between 5.975 and 6 T. This line shape
is due to the second-order perturbation effect of the elec-
tric quadrupole term. The large peak at around 5.984 T
and the edge-like structure at around 5.993 T originate
from the resonance components perpendicular and 41.8o-
inclined to the principal axis (crystal c axis) of the EFG,
respectively. The enhancement of the perpendicular com-
ponent, which is parallel to the crystal ab plane, is due
to the partial orientation of the crystals in the Hext.
This suggests that the magnetic easy axis of BaFe2As2
is within the ab plane, which is consistent with the mag-
Fig. 2. (Color online) 75As-NMR spectra of BaFe2As2 at various
temperatures. Circles denote the spectrum with much oriented
powders in external magnetic field and triangles the spectrum
with partially oriented powders. Inset shows the zero-external-
field 75As-NMR spectrum at 1.5 K.
netic susceptibility parallel to the ab plane is about 1.5
times larger than that parallel to the c axis.28)
In Fig. 2, we show the 75As-NMR spectra of BaFe2As2
at various temperatures. The spectrum broadens below
130 K. This is clearly ascribable to the SDW magnetic
ordering below TSDW = 131 K. The quite weak signals
from the center line observed in the paramagnetic state
remains at around 6 T even in the magnetically ordered
state. Since the signal intensity of this center peak be-
low TSDW becomes about 1/10 of that above TSDW, we
may speculate that the SDW ordered state and the para-
magnetic state separately exist just below TSDW, which
implies that the order of the SDW anomaly in BaFe2As2
is of the first order. Note that the spectral broadening be-
low TSDW cannot be explained by the change of the νQ
associated with the structural phase transition at TSDW.
Because the νQ is roughly inversely proportional to unit
cell volume and the change of the unit cell volume asso-
ciated with the SDW anomaly is at most 5%, the change
of the νQ gives the spectral broadening of at most 0.02 T
at half maximum of the intensity at 6 T. This is clearly
much less than the experimental spectral broadening of
0.5 T at 120 K.
In Fig. 2, we also show two 75As-NMR spectra at 4.2 K.
One is obtained with much oriented powders and another
is with partially oriented powders. The orientation of the
micro crystals in powders was estimated from the frac-
tion of the perpendicular component of the center line
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spectrum in the paramagnetic state. Clear difference of
the spectra was observed. The broader spectrum with
partially oriented powders indicates the larger projection
of the internal magnetic field Hint at As site along the
Hext. Since the c axis of each micro crystal in fully ori-
ented powders is perpendcicular to the Hext, we deduce
that the Hint at As site directs the crystal c axis. Recent
neutron diffraction measurements revealed the ordered
moment of 0.87µB (Bohr magneton) at Fe site with the
q vector of (1, 0, 1) for the orthorhombic structure.18) In-
deed, the antiferromagnetic Fe ordered moment within
the ab plane will make the Hint at As site parallel to the
c axis because the As site locates at the top of the AsFe4
pyramid. The sharper 75As-NMR spectrum at 4.2 K is
obtained in a condition that the Hext and the Hint orient
nearly perpendicular. Hence, the line width of the spec-
trum in Fig. 2 arises from the small angle distribution
of the alignment, which is reduced from the bare Hint.
However, the T dependence of the line width corresponds
to that of the Hint. Assuming this ordered structure and
the moment along the a or the b axis, we evaluated that
the dipole field at As site is approximately 0.3 T. This
is less than the Hint estimated from the spectral width
of the 75As-NMR. The contribution of conduction elec-
trons is involved in the actual Hint, though the direction
of the Hint depends on that of the ordered moments and
the ordered structure.
In the inset of Fig. 2, we show zero-field 75As-NMR
spectrum at 1.5 K. These narrow center line and broad
satellites indicate that the Hint at As site had a mag-
nitude of about 1.3 T and its orientation is the max-
imum EFG direction at As site (c axis). The narrow
lines suggest that the magnetically ordered state is ba-
sically formed with the commensurate q vector, which
is consistent with neutron scattering measurements.18)
The origin of the broader satellites is probably due to
the slight distribution of the EFG in the orthorhombic
structure through the first order structural phase tran-
sition. Note that the broadening of the NMR spectra in
the Hext is due to the distribution of the projection com-
ponent of the Hint along the Hext. Quite recent
75As-
NMR measurements of single crystals and polycrystals
of BaFe2As2 by Baek et al. apparently revealed that the
magnetically ordered state is incommensurate.29) How-
ever, our zero-field 75As-NMR spectrum indicates that
the magnetically ordered state is commensurate.
In Fig. 3, we show the T dependence of the full width at
half maximum FWHM and quarter maximum FWQM
of the 75As-NMR spectra with much oriented powders.
As already described above, spectral width can be con-
sidered as the rough measure of the distribution of the
internal magnetic field Hint at As site. The FWHM
are nearly T independent and the FWQM slightly de-
creases on warming between 4.2 and 130 K. Then they
abruptly decrease from finite field toward zero field at
around TSDW. This discontinuous tendency of the mag-
netic internal field at TSDW can be interpreted that the
order of the SDW anomaly is likely of the first one.
In the inset of Fig. 3, we show the Knight shift Kab
along the ab plane of 75As-NMR of BaFe2As2 versus
χab, magnetic susceptibility parallel to the ab plane
Fig. 3. (Color online) T dependence of the full width at half max-
imum FWHM (closed circle) and quarter maximum FWQM
(closed triangle) of the 75As-NMR spectra of BaFe2As2. Closed
squares denote the FWHM of the center line in the param-
agnetic state. Inset shows Knight shift Kab along the ab plane
of 75As-NMR of BaFe2As2 versus the magnetic susceptibility
χab.
28)
above TSDW. The Kab above TSDW was obtained from
the perpendicular component of the center line of the
frequency-swept spectra at a constant applied field of
5.98 T. The second order quadrupole effect was taken
into account to obtain Kab.
24) The data of χab was taken
from ref. 28. The hyperfine coupling constant Aab par-
allel to the ab plane was evaluated from the Knight
shift at As site parallel to the ab plane and the mag-
netic susceptibility parallel to the ab plane by assum-
ing the following formulae, Kab(T ) =
Ad
ab
NAµB
χdab(T ) +
Aab0
NAµB
χab0
(
χab(T ) = χ
d
ab(T ) + χab0
)
. Here, NA repre-
sents Avogadro number. The evaluated hyperfine cou-
pling constant Adab originating from the coupling between
75As nuclear spin and 3d conduction electron of Fe is
+19(2) kOe/µB. This is the same magnitude of the cou-
pling constant as that reported for the 75As-NMR of
LaFeAsO0.9F0.1.
25)
In Fig. 4, we show T dependence of 1/T1 of
75As
of BaFe2As2. We obtained T1 at a fixed frequency of
43.83 MHz with the external field of 5.75-5.98 T in the
T range of 4.2-131 K and at a fixed field of 5.98 T with
the frequency of 43.83-43.87 T in the T range of 131-
300 K. The nuclear magnetization recovery curve was
fitted by a following double exponential function as ex-
pected for the center line of the spectrum of the nu-
clear spin I = 3/2 of the 75As nucleus,30) 1 − m(t)
m0
=
0.1 exp
(
−
t
T1
)
+ 0.9 exp
(
−
6t
T1
)
, where m(t) and m0 are
nuclear magnetizations after time t and enough time
from the NMR saturation pulse. In the inset of Fig. 4, we
show typical recovery curve obtained at 266 K. Clearly
the data are well fitted to the above ideal curve with a
single T1 component. We used this formula even below
TSDW, where the recovery curve should be more compli-
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Fig. 4. (Color online) T dependence of spin-lattice relaxation rate
1/T1 of 75As of BaFe2As2. The inset shows the typical recovery
curve obtained at 266 K.
cated and the concrete form cannot be derived. However,
the analysis below TSDW yielded good fitting with a sin-
gle T1 component. 1/T1 exhibits rapid decrease between
180 and 300 K. The slope of the 1/T1 is greater than
T linear dependence. This anomalous T dependence is
quite different from that reported in the related parent
compound LaFeAsO where 1/T1 of
139La is nearly T in-
dependent sufficiently above TSDW.
4) Below about 180 K,
1/T1 exhibits gradual increase and sudden decrease be-
low 131 K = TSDW. Note that the critical-slowing-down
phenomenon in this material is not pronounced, which
is contrast to the case of LaFeAsO in which the phe-
nomenon was more clearly observed in 1/T1 of
139La.4)
The steep decrease of 1/T1 below TSDW is probably due
to a gap formation of the SDW at part of the Fermi sur-
face. 1/T1 below about 100 K is nearly proportional to T .
This is attributable to the relaxation due to the remain-
ing conduction electron at the Fermi level even below
TSDW.
In BaFe2As2 and its isomorph SrFe2As2, the magnetic
anomaly and the structural anomaly coincide with each
other at TSDW.
14, 15, 18, 19) This is in contrast to the case
in the related compound LaFeAsO in which the magnetic
anomaly and the structural anomaly occur with the sep-
aration of about 10 K.4) Moreover, the present results of
75As NMR measurements of BaFe2As2 support that the
magnetic transition at TSDW is likely of the first order.
Further investigation of the relation between the coinci-
dence/separation of the magnetic anomaly and the struc-
tural anomaly and the order of the phase transition in the
parent materials is quite important to understand the su-
perconductivity adjacent to the magnetic and the struc-
tural anomalies in the iron-based oxypnictides/pnictides.
In summary, we performed 75As NMR measurements
of the ternary iron arsenide BaFe2As2 which is a par-
ent compound of new-class iron-based superconductors.
75As-NMR spectra clearly revealed that magnetic tran-
sition occurs at around 131 K in our samples, which
corresponds to the emergence of SDW. T dependence
of the Hint suggests that the transition is likely of the
first order. However, it is still an open question whether
this transition is of the first order or of the second
one. The detailed specific heat measurements will an-
swer this question and is strongly required. The critical-
slowing-down phenomenon in 1/T1 is not pronounced
in this compound. Finally we comment about the pres-
sure effect on these iron-based oxypnictides/pnictides.
Not only doping study but also recent pressure study
of the oxypnictides revealed that the pressure much af-
fects these materials in the electronic states in the broad
pressure range up to about 30 GPa.3, 8) This indicates
that the subsequent NMR/NQR studies of iron-based
oxypnictides/pnictides under high pressure requires such
high pressure of 10 GPa class. Recent development of
high pressure NMR/NQR technique by the authors’
group31, 32) will help for giving further insights into the
understanding of these fascinating iron-based oxypnic-
tides/pnictides.
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